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or TM sequence is inserted into the channel (for review,
see Matlack et al., 1998). In the case of a signal se-
quence, the hydrophobic segment binds in an NcytClum
(cyt, cytosol; lum, lumenal) orientation to a specific site
at the interface between the channel and lipid formed
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by both the Sec61p complex and the TRAM protein,Boston, Massachusetts 02115
another component of the translocation site (Gorlich et²Laboratorium fuer Biochemie
al., 1992; Martoglio et al., 1995; Mothes et al., 1998;Eidgenoessische Technische Hochschule
Plath et al., 1998). The polypeptide segment following
CH-8092 Zurich the signal sequence is located in the aqueous pore of
Switzerland the channel and is transferred into the lumen of the ER
as the chain is elongated during translation. For TM
domains, the situation is more complex, however. Unlike
Summary signal sequences, they must be oriented with respect
to the membrane and must leave the channel so that
they ultimately reside in the lipid bilayer (Rapoport, 1985;We have investigated how the transmembrane (TM)
Singer et al., 1987; Simon and Blobel, 1991). Preciselydomain of a membrane protein is cotranslationally in-
how either of these events occurs is unknown.tegrated into the endoplasmic reticulum. We demon-
Several mechanisms of membrane protein biosynthe-strate that the Sec61p channel allows the TM domain
sis have been proposed. They differ with respect toto bypass the barrier posed by the polar head groups
when a TM domain is first completely surrounded byof the lipid bilayer and come into contact with the
lipid, the stages which precede its lipid integration, andhydrophobic interior of the membrane. Together with
the role played by the channel and the ribosome. Somethe TRAM protein, Sec61p provides a site in the mem-
studies indicate that TM domains are only fully inte-brane, at the interface of channel and lipid, through
grated into the lipid phase upon disruption of the ribo-
which a TM domain can dynamically equilibrate be- some-channel interaction after termination of translation
tween the lipid and aqueous phases, depending on (Borel and Simon, 1996; Do et al., 1996). For example,
the hydrophobicity of the TM domain and the length the TM domain of a type I membrane protein (a single-
of the polypeptide segment tethering it to the ribo- spanning protein with an N-terminal, cleavable signal
some. Our results suggest a unifying, lipid-partitioning sequence) was thought to stay in a proteinaceous envi-
model which can explain the general behavior of hy- ronment after leaving the Sec61p channel until comple-
drophobic topogenic sequences. tion of the polypeptide chain, because it could be cross-
linked to the TRAM protein (Do et al., 1996). Termination
of translation as a trigger of lipid integration is alsoIntroduction
supported by studies on a multispanning membrane
protein (Borel and Simon, 1996). In this case, several TMMost eukaryotic membrane proteins are cotranslation-
domains were found to accumulate within the channelally integrated into the endoplasmic reticulum (ER) mem-
before being released into the lipid as a group uponbrane by the same machinery that transports other pro-
chain completion.teins, such as secretory proteins, completely across (for
Different results were obtained with signal-anchorreview, see Hegde and Lingappa, 1997). In both cases,
type membrane proteins, i.e., single-spanning mem-hydrophobic segments function as topogenic signals.
brane proteins whose TM domain also serves as anSignal sequences, which direct the complete transloca-
uncleaved signal sequence. The TM domain was fullytion of polypeptides into the lumen of the ER, are usually
released from the Sec61p channel into the lipid phaselocated at the N terminus of precursor proteins and have
well before termination of translation occurred (Martog-relatively short hydrophobic segments (usually 7±12
lio et al., 1995; Mothes et al., 1997), and no crosslinksamino acids). Transmembrane (TM) domains, which di-
to the TRAM protein were observed (Mothes et al., 1997).rect the integration of membrane proteins, generally
In this case, the properties of the TM domain itself areconsist of about 20 nonpolar amino acids, a length suffi-
likely to determine when it integrates fully into the lipid.cient to span the hydrophobic lipid bilayer. At the begin-
One possibility is that the TM domain actively influencesning of the translocation process, a signal sequence or
the channel and causes an opening in its walls. Alterna-the first TM domain in a membrane protein probably
tively, the channel might always allow a nascent chainfunction in similar ways to target a nascent polypeptide
access to the hydrophobic interior of the membrane,
chain to the ER membrane (Walter and Johnson, 1994). so that sufficiently hydrophobic polypeptide segments
When they emerge from a ribosome, they are recognized could simply partition from the interior of the channel
by the signal recognition particle (SRP), and the complex into the lipid bilayer. This would be possible if the chan-
of ribosome, nascent chain, and SRP is targeted to the nel fluctuates among two or more conformations, some
ER membrane. The ribosome binds to the heterotrimeric of them with openings in the walls. It is unclear whether
Sec61p complex, the major component of the protein- the variety of results in the literature is due to the possi-
conducting channel in the ER membrane, and the signal bility that membrane proteins of different classes use
different pathways for their lipid integration.
In the present paper, we have studied the membrane³ To whom correspondence should be addressed (e-mail: tom_
rapoport@hms.harvard.edu). integration of a protein containing a single TM domain
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Figure 1. Probing the Membrane Integration
of an SAI Protein by Protease Protection
(A) Structure of the SAI membrane protein.
The TM domain is shown in gray. In most
photocrosslinking experiments, the probe
was introduced at position 28 (star) by sup-
pression of a stop codon. Crosslinking with
a bifunctional reagent employed the cysteine
(C) at position 35. Truncated chains of 54 to
154 amino acids (54-mer to 154-mer) were
used to study the membrane integration of
the SAI protein. In some experiments, TM do-
mains with one or two arginines (TM1 and
TM11) at the indicated positions were em-
ployed.
(B) Radiolabeled chains of different lengths
were synthesized in the presence or absence
of rough microsomes (RM). Proteolysis with
proteinase K (protK) was carried out where
indicated. All samples were analyzed by SDS-
PAGE, followed by autoradiography. Open
arrows and open stars show nonproteolyzed
nonglycosylated and glycosylated chains, re-
spectively. Closed arrowheads and closed
stars indicate membrane-protected nongly-
cosylated and glycosylated N-terminal frag-
ments, respectively.
of NlumCcyt orientation and a large cytoplasmic domain. and lipid phases. Depending on their hydrophobicity
and the length of the polypeptide segment that tethersOur previous experiments with such a protein dealt with
stages after lipid integration of the TM domain and con- them to the membrane-bound ribosome, these TM se-
quences can eventually be released into the lipid or backcentrated on the ribosome±channel interaction (Mothes
into the aqueous phase.et al., 1997). They demonstrated that the ribosome re-
mains bound to the translocation channel while synthe-
sizing the cytosolic domain following the TM domain. Results
Here, we have addressed the fate of the TM domain
itselfÐbefore, during, and after integration. We demon- To study the mechanism of the integration of TM do-
strate that the Sec61p channel allows the TM domain mains into the ER membrane, we used a single-spanning
to overcome the barrier posed by the polar head groups membrane protein with an NlumCcyt orientation (signal-
of the lipid bilayer and to dynamically equilibrate be- anchor type I [SAI] protein). The fully synthesized and
tween the aqueous phase and the hydrophobic interior integrated protein has a small segment (18 amino acids)
of the membrane. Charges introduced into the TM do- in the ER lumen, spans the lipid bilayer with a hydropho-
main diminish its partitioning into the lipid, resulting in bic segment of 23 amino acids, and has a cytoplasmic
a behavior reminiscent of that of signal sequences and tail of 256 residues (Figure 1A; Mothes et al., 1997). The
of TM sequences of other membrane proteins (Borel N terminus was extended slightly to introduce an N-gly-
cosylation site at position 3 (Figure 1A). Truncatedand Simon, 1996; Do et al., 1996). Our results suggest
a unifying model explaining the general behavior of hy- mRNAs were translated in vitro in the presence of 35S-
methionine to create a series of labeled translation inter-drophobic topogenic sequences: sufficiently hydropho-
bic sequences spontaneously exit from the channel by mediates of increasing length, each with its C terminus
still associated with the tRNA in the ribosome. Transla-partitioning completely into the lipid phase as soon as
they have access to it, while less hydrophobic se- tion in the presence of SRP and rough canine pancreatic
microsomes was used to generate translocation inter-quences favor the amphipathic interface between chan-
nel and lipid and can equilibrate between the aqueous mediates. On these intermediates, we first used various
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techniques to define different stages during the biosyn- confirm that targeting begins with a chain length of
about 61 residues.thesis of the membrane protein, and then analyzed the
molecular mechanism of the lipid integration of the TM
domain. Membrane Integration Followed by Sedimentation
and Photocrosslinking
To probe the integration of the TM domain into the lipidFollowing Membrane Insertion by Glycosylation
and Protease Protection bilayer, we combined cosedimentation of nascent chains
with membranes under different conditions with site-We first followed membrane insertion of the protein by
the glycosylation of its lumenal, N-terminal domain. Na- specific photocrosslinking. A stop codon was intro-
duced at position 28, in the middle of the hydrophobicscent chains of different lengths were synthesized in the
absence or presence of rough microsomal membranes TM domain (Figure 1A). It was suppressed in vitro by
translation in the presence of a modified phenylalanyl-(RM) and analyzed by SDS-PAGE. Beginning with chains
of 85 amino acids (85-mer), translation in the presence suppressor tRNA, resulting in the selective incorporation
of a photoreactive probe at this position (High et al.,of membranes generated a band that migrated more
slowly than that seen in the absence of membranes 1993). Nascent chains of different lengths were synthe-
sized in the presence of SRP and microsomes, and one(Figure 1B, lane 19 versus 17; marked by an open star).
This band corresponds to glycosylated chains because half of each sample was irradiated with UV light, while
the other served as control (Figure 2A). Subsequently,it was not seen when a competitor peptide containing
an N-glycosylation site was added, and it disappeared the membranes were sedimented either at neutral pH,
to separate membrane-bound from soluble material, orupon treatment with endoglycosidase H (data not shown).
The efficiency of glycosylation increased gradually with at alkaline pH, to extract from the membranes all but
integral membrane proteins.further chain elongation and became maximal with
chains of 134 or more residues (Figure 1B; for quantita- With the 54-mer, most of the crosslinked and non-
crosslinked material remained in the supernatant (S)tion, see Figure 3). Full-length chains were modified to
about the same extent (see Figure 5G). fractions at both neutral and alkaline pH (Figure 2A,
lanes 3 and 4 versus 1 and 2, and 7 and 8 versus 5 andTo probe membrane insertion as a function of chain
length more precisely, we used protease protection. The 6), in agreement with the previous results that these
chains are too short to be targeted to the membrane.shortest chains examined (54 amino acids; 54-mer) were
accessible to proteolysis, both when synthesized in the No high molecular weight crosslinked products were
visible. Surprisingly, upon irradiation, the band corre-absence or presence of RM (Figure 1B, lanes 1±4). These
chains have their N termini outside the ribosome, but are sponding to the nascent chain almost disappeared and
a faster migrating band appeared instead (lane 4 versusapparently too short to make contact with the membrane
channel. They thus remain accessible to proteolysis. 3, indicated by an open arrow). This band likely origi-
nates from internal crosslinking within the nascentWith the 61-mer, all chains were sensitive to proteolysis
in the absence of membranes (lane 6 versus 5), but some chain, probably caused by the formation of a collapsed
structure of the hydrophobic TM domain in aqueouswere protected in their presence (lane 8 versus 7, open
arrow), suggesting that membrane targeting of the ribo- solution; internal crosslinks prevent complete unfolding
in SDS and thus cause the more compact protein to runsome-nascent chain complex begins around this chain
length. With the 71-mer or 78-mer, most nascent chains faster in SDS gels.
With the 61-mer, most of the chains were found in thesynthesized in the presence of membranes were resis-
tant to proteolysis (lanes 12 versus 11 and 16 versus 15). membrane pellet (P) at neutral (lanes 9 and 10 versus
11 and 12), but not at alkaline pH (lanes 13 and 14Thus, most ribosomes must be bound to the membrane,
and the nascent chains are protected because they are versus 15 and 16). As with the 54-mer, internal crosslinks
appeared (lane 10) but, in addition, crosslinking to theinside the ribosome and the associated membrane
channel. Starting with the 85-mer, proteolysis produced a subunit of the Sec61p complex (Sec61a) was observed
(marked by a closed diamond), as confirmed by immu-two fragments that had the same size for all larger chain
lengths; they reached maximal intensities with the 134- noprecipitation with specific antibodies (Figure 2B, lane
2). It should be noted that among the tested chains,mer (Figure 1B, marked by solid stars and arrows). These
bands correspond to the glycosylated and nonglycosy- those of 61 amino acids were also the first to give cross-
links to the 54 kDa polypeptide of SRP in the absencelated forms of a polypeptide segment containing both
the lumenal N terminus and the TM domain, which are of membranes (not shown). The cosedimentation of na-
scent chains with membranes at neutral pH, the ap-protected from proteolysis by the membrane. Genera-
tion of the fragments demonstrates that, with chains of pearance of crosslinks to Sec61a, the beginning of pro-
tease protection of chains by membranes (Figure 1B),85 or more residues, the domain following the TM do-
main begins to emerge into the cytosol between the ribo- and the puromycin-induced glycosylation of nascent
chains (not shown) all suggest that the targeting of thesome and the associated membrane channel (Mothes
et al., 1997), thus becoming accessible to proteolysis ribosome±nascent chain complex to the Sec61p chan-
nel begins at a chain length of about 61 residues. The(illustrated in Figure 3 for the 134-mer). Full-length
chains showed the same fragments (not shown). alkali sedimentation data show, however, that at this
length, the chains are not yet integrated into the mem-When chains of 61 or more residues were synthesized
in the presence of membranes and released from the brane.
With the 68-mer all of the chains sedimented with theribosomes by puromycin treatment, a translocated, gly-
cosylated species appeared, while no such species was membranes at neutral pH (Figure 2A, lanes 17 and 18
versus 19 and 20), and a significant portion even atseen when the membranes were added after puromycin
treatment (data not shown). These results indicate that alkaline pH (lanes 21 and 22 versus 23 and 24), indicating
the beginning of membrane integration. Both internalmembrane targeting occurs only cotranslationally, and
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Figure 2. Membrane Integration Followed by
Sedimentation and Photocrosslinking
(A) Photocrosslinking experiments were per-
formed with chains of different lengths, all
carrying a photoreactive probe in the TM do-
main at position 28. After translation in the
presence of membranes, the samples were
subjected to UV irradiation and the mem-
branes sedimented at either neutral or alka-
line pH. Both the pellets (P) and the superna-
tants (S) were analyzed. Open arrows show
internal crosslinks, open stars show glycosyl-
ated chains, open diamonds and crosses
show lipid crosslinks of nonglycosylated and
glycosylated chains, respectively, closed dia-
monds indicate Sec61a crosslinks, and closed
circles show crosslinks to Sec61g.
(B) Analysis of the crosslinked products by
immunoprecipitation (IP) with antibodies to
Sec61a.
(C) To demonstrate lipid crosslinking, cross-
linked products of the 71-mer in the alkali-
extracted membrane pellet were treated with
phospholipase A2 (PLA2).
crosslinks and crosslinks to Sec61a were observed (Fig- 71-mer. In each case, the chains were tightly membrane-
bound, and internal crosslinks were much reduced (Fig-ure 2A and Figure 2B, lane 3).
With the 71-mer, essentially all chains sedimented ure 2A). Crosslinks to Sec61a decreased gradually and
could not be detected beyond a chain length of 95 aminowith the membranes at both neutral and alkaline pH
(Figure 2A, lanes 25 and 26 versus 27 and 28, and 29 acids (Figures 2B and 6A; quantitation in Figure 3). Like-
wise, weak crosslinks to Sec61g were still observed withand 30 versus 31 and 32). Both internal crosslinks and
crosslinks to Sec61a were significantly weaker than with the 85-mer (yield 2%) but disappeared with the 95-mer.
Lipid crosslinks were at maximum level for all chainsthe shorter chains (Figure 2A, lanes 26 and 30, and
Figure 2B, lane 4). Lipid crosslinks appeared abruptly longer than 71 residues (Figures 2A and 3). Glycosylated
chains (marked by a star) also gave lipid crosslinksat this chain length, as indicated by a band that migrates
slightly more slowly than the parental chain (marked (marked by a cross; e.g., Figure 2A, lane 50). It should be
noted that similar data were obtained with TM domainsby an open diamond in lanes 26 and 30). This band
disappeared upon treatment with phospholipase A2 carrying photoreactive probes at positions 19, 20, 21,
24, 27, or 36 (data not shown), indicating that these(Figure 2C, lane 2 versus 1). The lipid crosslinking yields
(Figure 3) are close to the maximum achievable level results apply to the behavior of the entire TM domain.
On the other hand, position 18 never gave lipid cross-(Brunner et al., 1980). Weak crosslinks to a small protein,
identified as Sec61g by immunoprecipitation (data not links (not shown), demonstrating that it is not in the TM
domain.shown), also appeared with the 71-mer (marked by a
closed circle; yield z5%), but were not observed with We also used crosslinking with a bifunctional reagent
(bismaleimidohexane; BMH) to probe the proximity ofshorter chains. The cosedimentation of the nascent
chains with membranes at alkali pH and the appearence the single cysteine in the nascent chain at position 35
and the single cysteine in the cytosolic domain of theof lipid crosslinks demonstrate that chains of 71 resi-
dues are integrated into the lipid phase. The disappear- b subunit of the Sec61p complex (Sec61b) during mem-
brane protein integration (primary data not shown, butance of internal crosslinks at this chain length is consis-
tent with the conversion of the hydrophobic TM domain see quantitation in Figure 3). As with photocrosslinking
to Sec61a, crosslinks to Sec61b appeared with the 61-from a collapsed conformation in aqueous solution into
an extended structure in the lipid bilayer. mer and gradually disappeared with increased chain
length.Longer chains gave results similar to those with the
Membrane Protein Integration
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Figure 3. Three Stages in the Biosynthesis of
the SAI Protein
The results of the various assays shown in
Figures 1±3 were quantitated. The points are
the means of at least three different experi-
ments. Exposure of the cytosolic domain was
determined by the appearance of protease-
protected N-terminal fragments (sum of non-
glycosylated and glycosylated fragments).
For each chain length, the percentage of
chains that scored in the assay is given rela-
tive to the total amount of chains. In the upper
panel, the scale on the left refers to sedimen-
tation at neutral pH and the one on the right
gives the percentage of chains crosslinked
to Sec61a and Sec61b. The two vertical lines
indicate the positions at which targeting and
membrane integration occur. The schemes at
the right illustrate the three phases of mem-
brane integration.
Together, the data in Figures 1±3 suggest three stages However, when both together were present in the vesi-
cles, a significant percentage of the chains were foundin the biosynthesis of this membrane protein: targeting
in the pellet fraction, and lipid crosslinks were seen(Figure 3, phase I), lipid integration (phase II), and grad-
(lanes 1 and 2). Internal crosslinks remained largely inual diffusion of the TM domain away from the transloca-
the supernatant fraction (lane 4 versus 2). They did nottion channel (phase III). Diffusion during phase III is sug-
completely disappear as in the case of native mem-gested by the gradual decrease of crosslinks to Sec61a
branes (Figure 2A) because of the low targeting effi-and Sec61b, and an increase of glycosylation of the
ciency in the reconstituted system. Taken together,lumenal N terminus.
these data suggest that both SRP-dependent mem-
brane targeting of the nascent chain and its transfer into
Sec61p Complex Mediates Contact with Lipid the Sec61p channel are needed for the TM domain to
Next, we investigated the mechanism by which the TM cross the head group barrier of the phospholipids into
domain is integrated into the lipid phase. To examine the hydrophobic interior of the bilayer.
the role of the Sec61p complex, we used reconstituted To test this possibility, we used lipid-detergent mi-
vesicles containing either lipids alone or, in addition, the celles because they lack a tight head group barrier but
purified Sec61p complex, the SRP receptor, or both. still have a hydrophobic interior. Nascent chains of dif-
The 71-mer was synthesized in the presence of these ferent lengths were synthesized, the ribosome-nascent
vesicles and the samples were subjected to photocross- chain complexes were isolated, and the detergent deoxy-
linking and separated into an alkali-extracted membrane BigCHAP (DBC) was added together with either the
pellet (P) and a supernatant (S) fraction. In the absence Sec61p complex, phospholipids, or both. The samples
of any proteins in the lipid bilayer, no lipid crosslinks were then subjected to photocrosslinking (Figure 4B).
were seen (Figure 4A, lane 14). Chains with internal With the 61-mer or 68-mer, the addition of lipids did not
crosslinks were visible and remained largely in the su- result in lipid crosslinks (a band with slightly slower
pernatant (lane 16 versus 14). Thus, although the TM mobility than the 68-mer was irradiation independent).
domain is very hydrophobic, it has no access to lipids in Weak crosslinks to Sec61a were seen when the Sec61p
a bilayer. When the vesicles contained either the Sec61p complex was present (lanes 4, 6, and 12; closed arrow),
complex or the SRP receptor alone, the results were and internal crosslinks were seen with all samples. Sig-
nificantly, with the 71-mer or 78-mer, lipid crosslinksessentially identical (Figure 4A, lanes 5±8 and 9±12).
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Figure 4. The Sec61p Complex Mediates Contact of the TM Domain with Lipid
(A) The 71-mer with a photoreactive probe in the TM domain was synthesized in the presence of liposomes or proteoliposomes containing
Sec61p complex (Sec61), SRP receptor (SR), or both. The samples were irradiated with UV light, as indicated, and the membranes were
extracted with alkali. Both the pellets (P) and supernatants (S) were analyzed. Open arrows and diamonds indicate internal and lipid crosslinks,
respectively.
(B) Chains of different length with photoreactive probes at position 28 were synthesized. The ribosome±nascent chain complexes were isolated
and the detergent deoxyBigCHAP (DBC), purified Sec61p complex, and lipids were added in different combinations, as indicated. The samples
were irradiated with UV light and analyzed by SDS-PAGE and autoradiography. Closed arrows and stars show crosslinks to Sec61a and
Sec61g, respectively. Triangles indicate crosslinks to the 54 kDa subunit of SRP. Note that the band migrating slightly above the 68-mer is
seen in all lanes and therefore not caused by lipid crosslinking. The absence of lipid crosslinks was confirmed with the 68-mer carrying a
photoreactive probe at positions 19 or 21 (data not shown).
appeared whenever lipids were present, regardless of of the polypeptides to the ER membrane was unaf-
fected: as with wild-type chains, most of the 71-merthe presence or absence of the Sec61p complex. Cross-
links to Sec61a were not observed when lipids were remained protease protected (Figure 5A, lane 2 versus
1). Thus, the hydrophobicity of the TM domain can bepresent. Internal crosslinks were somewhat reduced by
lipids, even when no Sec61p complex was added (lanes lowered without preventing its targeting and insertion
into the channel, in agreement with the fact that signal22, 24, 30, and 32 versus lanes 20 and 28), indicating
that the collapsed structure of the TM domain is partially sequences, with their shorter hydrophobic cores, can
efficiently target nascent chains to the membrane.dissolved upon lipid contact. These data show that the
TM domain comes in contact with lipids in detergent Though targeted, chains with the TM1 domain were
not efficiently integrated into the lipid phase. A largemicelles independently of the Sec61p complex and at
the same chain length as in intact membranes (71 resi- percentage of the chains of all lengths tested could be
extracted by alkali (Figures 5A±5D; lanes 5 and 6 versusdues). These results suggest that the TM domain simply
partitions into the lipid phase if it is given access to 3 and 4; for quantitation, see Figure 5F). Interestingly,
although in each case the level of glycosylation wasit, and that the function of the Sec61p complex in a
membrane is to remove the barrier posed by the charged almost the same as with wild-type chains (Figure 5G),
a large proportion of the glycosylated TM1 chains couldhead groups.
be extracted with alkali (Figures 5B±D, lane 5 versus 3),
in contrast to wild- type chains (Figure 2A). In fact, glyco-Membrane Integration of TM Domains with Charges
sylated chains were no less sensitive to alkali extractionA partitioning model predicts that the introduction of
than nonglycosylated ones. Proteolysis, however, dem-charges into the TM domain would impair its release
onstrated that the TM1 domains were positioned cor-from the aqueous channel into the lipid phase. To test
rectly within the membrane, indicating that their translo-this, we first introduced a single arginine residue into
cation has stopped at the right place: proteolysis of thethe middle of the TM domain (position 28, see Figure
1A). With this TM domain (TM1 domain) the targeting 134-mer and of full-length chains generated the ex-
Membrane Protein Integration
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Figure 5. TM Domains with Charges Are Im-
paired in Membrane Integration
(A) The 71-mer with a positive charge in its
TM domain (TM1) was synthesized in the
presence of RM and treated with proteinase
K (protK) as indicated. A portion of the sample
was subjected to alkali extraction. The pellets
(P) and supernatants (S) were analyzed. The
open arrow indicates the nonglycosylated
chain.
(B) As in (A), but with the 95-mer. Where indi-
cated, a competitor peptide was added to
prevent N glycosylation (lanes 7±12). The
open star indicates glycosylated chains, and
the closed arrow a membrane-protected pro-
teolytic fragment generated from nonglyco-
sylated chains.
(C) As in (A), but with the 134-mer. The closed
star indicates a glycosylated, protected
fragment.
(D) As in (A), but with full-length chains.
(E) Percentage of chains resistant to proteo-
lytic degradation for different chain lengths.
The chains contained TM domains with either
no charge (wild type), one charge (TM1), or
two charges (TM11). The percentage was
calculated by determining the radioactivity in
all fragments and correcting for the loss of
methionines before dividing by the radioac-
tivity in the nonproteolyzed chains. fl indi-
cates full-length chains. Shown are the means
and standard deviations of three experiments.
(F) Percentage of all chains in the alkali-
extracted membrane pellets.
(G) Percentage of all chains that become gly-
cosylated.
pected glycosylated fragment, corresponding to the lu- cytosolic domain in these chains was inaccessible to
proteolysis (experiments with a competitor peptide ex-menal N-terminal and TM domains (Figures 5C and 5D,
lane 2 versus 1; closed star). These data show that the cluded that the major band seen after proteolysis is a
glycosylated fragment that ran at the same position asmajority of the chains with the TM1 domain are effi-
ciently targeted and correctly positioned with respect the nonglycosylated original chain; Figure 5B, lane 8
versus 7). It therefore seems that most of the mutantto the plane of the membrane, but that only a portion
of them are stably integrated into the lipid bilayer. Some chains remain underneath the membrane-bound ribo-
some, consistent with the prediction that the TM1 do-chains do not even seem to remain in the membrane
and become completely accessible to proteolysis. This main would be impaired in its lateral partitioning into
the lipid phase. In agreement with this interpretation,was indicated by the fact that the intensities of the glyco-
sylated and nonglycosylated protected fragments to- upon release of the 95-mer from the ribosome with puro-
mycin, increased glycosylation of the chains and ap-gether did not account for all the original chains, even
when the loss of labeled methionines was considered pearance of the membrane-protected fragments were
observed (data not shown).(Figure 5E). With growing chain length, more of the mu-
tant chains became protease sensitive, in striking con- We next tested the effect of introducing two arginines
into the TM domain (positions 28 and 29, see Figuretrast to the behavior of wild-type chains (Figure 5E, 95-mer
and 134-mer), indicating that an increasing percentage 1A). Chains containing the TM11 domain were also
efficiently targeted, as demonstrated by the proteaseof chains with the TM1 domain leave the membrane.
A particularly striking difference between mutant and protection of the 71-mer in the presence of membranes
(primary data not shown, for quantitation, see Figurewild-type chains was observed with the 95-mer. Upon
proteolysis, the majority of the chains containing the 5E). However, the defects in membrane integration were
dramatic with all chain lengths tested. Most of the longerTM1 domain did not give rise to the two bands corre-
sponding to the glycosylated and nonglycosylated frag- chains were fully degraded by proteolysis and did not
give rise to a defined fragment (Figure 5E, and data notments containing the lumenal and TM domains (Figure
5B, lane 2 versus 1, open arrow). Thus, in contrast to shown). The vast majority of the chains remained alkali
extractable and nonglycosylated (Figures 5F and G).the wild-type 95-mer (Figure 1B, lane 24 versus 23), the
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Figure 6. TM Domains with Charges Show an
Extended Proximity to the Translocation Site
(A) Wild type chains of different length with
a photoreactive probe at position 28 were
synthesized in the presence of RM and irradi-
ated with UV light, where indicated. The mate-
rial in the alkali-extracted membrane pellet
was either analyzed directly by SDS-PAGE
or subjected to immunoprecipitation (IP) with
antibodies to Sec61a or TRAM. Closed dia-
monds, open diamonds, and closed circles
indicate crosslinks to Sec61a, lipids, and
Sec61g, respectively.
(B) As in (A), but with nascent chains con-
taining a TM domain with a positive charge
(TM1). Crosslinks to TRAM are indicated by
an open circle.
(C) As in (A), but with the 134-mer containing
two charges in the TM domain (TM11) and
photoreactive probes at the indicated posi-
tions.
Taken together, these results show that, although cor- were seen with all longer chains, indicating that the TM
and TM1 domains come in contact with the lipid phaserectly targeted, many chains are not stably integrated
into the lipid bilayer, and are even unable to remain in at the same chain length. In addition, crosslinks to
Sec61g were observed with the 71-mers and 85-mersthe membrane.
To further test whether TM domains with charges are (confirmed by immunoprecipitation; data not shown).
However, while crosslinks between wild-type chains andimpaired in their partitioning into the lipid phase, we
performed photocrosslinking experiments (Figure 6). A Sec61a gradually disappeared with increasing length
(Figure 6A, lanes 7, 11, and 15), they remained strongphotoreactive probe was introduced into the TM1 do-
main at position 28. These chains showed a higher level with mutant chains up to a length of 95 residues (Figure
6B, lanes 7,11, and 15). With the 95-mer, two bands ofof alkali resistance than chains without probes (data not
shown), presumably because the hydrophobicity of the Sec61a crosslinks were seen, similarly to observations
with the signal sequences of secretory proteins (Mothesprobe partially compensates for the destabilizing effect
of the charge. With both mutant and wild-type chains, et al., 1998), likely because the TM1 domain contacts
two different regions of Sec61a (Plath et al., 1998). Incrosslinks to Sec61a appeared with the 61-mer (Figures
6A and 6B, lanes 2 and 3; see also Figure 2B), confirming addition, in striking contrast to the situation with wild-
type chains, crosslinks to TRAM were observed with thethat the proteins are targeted to the membrane at about
the same chain length. In both cases, strong lipid cross- 71-mer, 85-mer, and 95-mer (compare Figures 6A and
6B, lanes 8, 12, and 16). Together, these results confirmlinks appeared with the 71-mer (lane 6 versus 5), and
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that the TM1 domain is targeted to and inserted into TM domain, because a nascent chain of 71 amino acids
is too short to span the membrane with its N terminusthe channel at the same chain length as the wild type.
facing the cytoplasm. Thus, regions C-terminal to the TMHowever, while the wild-type TM domain moves away
domain may never enter the channel. Since integrationfrom the translocation site, the TM1 domain remains at
occurs while the region following the TM domain is stillthe interface of channel and lipid and contacts TRAM
within the ribosome, the orientation of an SAI proteinup to a chain length of 95 residues, consistent with
may depend only on whether or not the N-terminal flank-the idea that most of the 95-mers are protected from
ing region can be translocated. Positive charges couldproteolysis because they remain underneath mem-
inhibit its translocation, explaining the ªpositive insidebrane-bound ribosomes (Figure 5B). Similar results were
ruleº (von Heijne, 1986; Hartmann et al., 1989), whileobtained with photoreactive probes at positions 19, 20,
charges C-terminal to the TM domain might be expected21, and 36 in the TM1 domain, although the relative
to have little effect, as observed (Sakaguchi et al., 1987;intensities of Sec61a and TRAM crosslinks changed
Parks and Lamb, 1991). Folding of the N terminus mightwith the position (data not shown), as observed for signal
also inhibit its translocation (Denzer et al., 1995), sincesequences (Mothes et al., 1998).
it would have to cross the membrane after the ribosomeInterestingly, with the 134-mer, neither Sec61a nor
has bound to the channel.TRAM crosslinks were visible with wild-type or TM1
Once the TM domain is in the lipid phase and hasmutant chains (Figures 6A and 6B, lanes 19 and 20).
stopped moving perpendicular to the plane of the mem-The decrease of the population of TM1 domains at the
brane, it appears able to move away from the ribosometranslocation channel is apparently caused by the in-
and the translocation site (phase III in Figure 3). This iscreased length of the polypeptide segment tethering the
likely to occur by diffusion within the lipid bilayer. WithTM1 domain to the ribosome. Some of these chains
longer nascent chains, the TM domain can diffuse far-must be fully in the lipid phase, because they gave rise
ther from the channel and spends less time in proximityto lipid crosslinks, were correctly positioned with re-
to it. Movement away from the translocation site is ap-spect to the plane of the membrane, and had a glycosy-
parently required for glycosylation of the N terminus oflated N terminus. They were, however, only partially re-
the nascent chain, suggesting that the oligosaccharylsistant to alkali extraction, indicating that the interaction
transferase may be peripherally associated with thebetween the charged TM domain and lipid is perturbed.
channel.As expected from the partitioning model, the TM11
The simplest interpretation of our results is that mem-domain remained in proximity to the translocation chan-
brane integration of the TM domain occurs by a lipid-nel for an even more extended range of chain length.
partitioning process. As soon as the entire TM domainWith probes at positions 21, 28, or 36, the membrane-
arrives in the channel, it is in contact with lipid. A suffi-associated 134-mer gave strong lipid crosslinks as well
ciently hydrophobic TM domain immediately leaves theas crosslinks of different intensities to Sec61a and/or
channel and enters a completely lipid environment,TRAM, depending on the position of the probe (Figure
where it is resistant to alkali extraction. A partitioning6C). Proximity of the TM1 and TM11 domains to the
mechanism is supported by the observation that contacttranslocation site for an extended range of chain lengths
of the TM domain with lipid in micelles was independentwas also seen in experiments with the bifunctional cross-
of the Sec61p complex and occurred at the same chainlinker BMH using chains without incorporated photore-
length as in bilayers, where the Sec61p complex wasactive probes (data not shown).
required. Thus, when a TM domain first contacts the
hydrocarbon chains of lipids may be determined solely
Discussion by the chain length at which it finishes emerging from
the ribosome, rather than by a recognition event per-
Using a signal-anchor type I (SAI) protein as a model, formed by the channel. Our experiments with liposomes
we show that integration of a TM domain occurs in show that the TM domain normally has no access to
several stages. The process is initiated when SRP tar- lipids in a bilayer, likely because the charged head
gets the ribosome±nascent chain complex to the mem- groups of the phospholipids present a barrier to passage
brane (step I in Figure 3). SRP first recognized the TM of the hydrophobic sequence. To overcome this barrier,
domain and brought it into contact with the Sec61p the presence of both the SRP receptor and the Sec61p
channel at a chain length of 61 residues. This stage is complex is required. Since membrane targeting of the
very similar to one early in the translocation of secretory ribosome±nascent chain complex by the SRP receptor
proteins where targeting and membrane insertion oc- is insufficient for integration, it appears that the function
curred between 50 and 60 residues (Jungnickel and Ra- of the Sec61p channel is to provide an environment from
poport, 1995; Mothes et al., 1998). Targeting of the SAI which the TM domain can equilibrate with the hydropho-
protein occurs when only z8±13 hydrophobic residues bic interior of the membrane without having to pass
of the TM domain have emerged from the ribosome, through the head groups of the phospholipids. This is
a length similar to the hydrophobic core of a signal most likely accomplished by having the TM sequence
sequence. These similarities suggest that secretory pro- enter the aqueous interior of the channel and then move
teins and the SAI protein are targeted by the same mech- laterally through its walls.
anism. The behavior of TM domains which contained positive
In the next stage, the TM domain enters the lipid phase charges was also consistent with a partitioning mecha-
of the membrane (step II in Figure 3). This occurs as nism. A TM domain with one positive charge was still
soon as enough residues of the TM domain are outside inserted into the membrane channel and positioned cor-
the ribosome to allow it to span the membrane: chains rectly with respect to the plane of the membrane, and
of 71 residues, which expose 18±23 amino acids of the was in contact with lipid. However, it did not enter the
TM domain, are fully integrated into the lipid. Integration lipid phase as readily as the wild-type TM domain. This
was indicated by extended residence of the TM domainmust immediately produce the final orientation of the
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Figure 7. Models for the Behavior of Hy-
drophobic Topogenic Sequences
The schemes show the behavior of hydropho-
bic sequences following their insertion into
the translocation channel. (A) hydrophobic
TM domain, (B) TM domain with charged or
hydrophilic residues, (C) signal sequence. In
(A) and (B), a signal-anchor type I protein is
shown, but the principles would apply regard-
less of the orientation of the TM domain. In
(B), different states are shown which are in
equilibrium with one another (horizontal
arrows). The scheme in the middle in the up-
per panel and the schemes to the right and
left in the lower panel indicate favored states.
Similar equilibria are likely to exist for hy-
drophobic TM domains and signal se-
quences, but are not indicated because the
state shown is highly favored. The scissors
indicate the signal peptidase. For further ex-
planation, see text.
in an environment that included proteins of the translo- less hydrophobic sequences seem to be in an environ-
ment in which they are sandwiched between the multi-cation site as well as lipid. In addition, only a fraction
spanning proteins TRAM and Sec61a and also haveof the chains were resistant to alkali extraction from
access to lipids (Martoglio et al., 1995; Mothes et al.,the membrane, and some chains could be completely
1998; this paper).degraded by added protease. TM domains with two
Our results suggest a unifying model explaining thecharges were also inserted into the channel and con-
general behavior of hydrophobic topogenic sequencestacted lipid, but were even more impaired in lipid integra-
(Figure 7 shows the NlumCcyt orientation of a TM domain;tion. They also showed defects in glycosylation, consis-
a similar model would apply for the reverse orientation).tent with their reduced ability to diffuse away from the
A hydrophobic polypeptide segment arriving in thechannel.
channel would immediately be exposed to the interiorFinally, partitioning is supported by the fact that lipids
of the lipid bilayer. Given such access, long hydrophobicwere found to be an ideal solvent for the TM domain.
sequences, such as the TM domains of most single-In the absence of membranes, we detected internal
spanning membrane proteins, would partition into thecrosslinks with chains of all lengths, indicating that the
lipid phase (Figure 7A). With further chain elongation,hydrophobic TM domain forms a collapsed structure
they would gradually move away from the translocationin aqueous solution. Lipids were able to dissolve this
channel by diffusion in the plane of the bilayer (Figure 7A,structure, but nonionic detergents could not. The transi-
lower panel). TM domains with charged or hydrophiliction to an extended structure, in which the TM domain
residues would favor the amphipathic interface betweenwould span the lipid bilayer, is probably a cooperative
channel and lipid (Figures 7B, upper panel, ªinterfaceº).process. This could explain the abrupt appearance of
They would be bound at a specific site formed by Sec61plipid crosslinks upon extension of the chain from 68 to and TRAM, likely the same site at which signal se-
71 residues. quences are bound (Martoglio et al., 1995; Mothes et
Our results shed light on the function of the TRAM al., 1998; Plath et al., 1998). When the chain is still short,
protein. We found that only TM domains containing at the lateral movement of the TM domain away from the
least one charge can be crosslinked to TRAM. TRAM can membrane-bound ribosome would be restricted, and
also interact with short hydrophobic sequences since it the TM domain would therefore have a high local con-
can be crosslinked to all signal sequences so far exam- centration close to the binding site, favoring rebinding
ined (Gorlich et al., 1992). It could also be crosslinked should it dissociate. However, at any given time, there
to a TM domain of an artificial type I membrane protein would be an equilibirum, with some molecules away
that had an unusual charge distribution in the flanking from the interface in the lipid phase and others in the
segments and was followed by an extended uncharged aqueous interior of the channel (Figure 7B, upper panel,
region (Do et al., 1996). In a reconstituted system, only ªaqueousº and ªlipidº). With increasing chain length,
proteins with short signal sequences require TRAM for TM domains would be able to diffuse farther from the
their translocation (Voigt et al., 1996). We therefore pro- channel, resulting in a gradual decrease of the local
pose that TRAM may allow retention at the translocation concentration of TM domains at the interface (Figure
site of sequences that are not sufficiently hydrophobic 7B, lower panel). Consequently, the fraction of TM do-
mains that are either fully in the lipid or in the aqueousto equilibrate into the lipid phase. In most cases, these
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promoter region and various downstream primers. In all cases, thephase is increased (Figure 7B, lower panel, ªaqueousº
39-end primer introduced two additional methionines to facilitateand ªlipidº). The equilibrium constant for partitioning
detection of the proteins.into lipid will vary for different proteins and will depend
In vitro translation was carried out in the wheat germ systemon the hydrophobicity of the TM sequence. In addition,
(Mothes et al., 1997). Ten microliters translation mix contained 25
folding of the polypeptide segment linking the TM do- nM SRP, 1.2 equivalents (eq) of canine pancreatic rough micro-
main to the ribosome may restrict lateral diffusion. Full somes, and 5 mCi 35S-methionine (Amersham). Samples were incu-
release of a TM domain into lipid may sometimes occur bated for 10±20 min at 268C, depending on the length of the trun-
only upon disassembly of the channel following termina- cated mRNA, followed by 5 min with 5 mM cycloheximide to stop
chain elongation. mRNAs coding for the 111-mer, 134-mer, and 154-tion of translation (Do et al., 1996), but our data suggest
mer were treated with 2 mM edeine after 10 min incubation to inhibitthat even in these cases the TM domain comes into
further initiation of translation.contact with lipid much earlier, and is not surrounded
To incorporate photoreactive phenylalanine derivates, truncatedby only the TRAM protein after leaving the channel (be-
mRNAs coding for different chain lengths were translated in 5±10cause of the length of the nascent chain, Do et al. (1996)
ml for 10±20 min at 268C in the presence of 25 nM SRP and 1.5 pmol
were unable to analyze lipid crosslinks). TM domains suppressor tRNA carrying trifluoromethyl-diazirinyl phenylalanine,
with several charges would have a relatively high ten- followed by cycloheximide treatment (Martoglio et al., 1995).
dency to partition into the aqueous phase and, with To prevent N-glycosylation, translation was carried out with 50
increasing length and flexibility of the chain, could leave mg/ml competitor peptide (ac-NYSCGC-NH2).
the membrane (Figure 7B, lowest panel). With the NlumCcyt
orientation studied here, these TM domains would ap- Crosslinking
Crosslinking with photoreactive phenylalanine derivates was per-pear in the cytosol, but we predict that with the reverse
formed by irradiation of the samples for 10 min on ice at a long UVorientation they would enter the ER lumen. Signal se-
wavelength (Mothes et al., 1997).quences would behave analogously to TM sequences
For crosslinking with bismaleimidohexane (BMH), the samplesof low hydrophobicity. After insertion in an NcytClum orien-
were diluted with 100 ml membrane buffer (50 mM HEPES [pH 7.6],tation, most of the molecules would remain at the inter-
250 mM sucrose, 120 mM potassium acetate, 2 mM magnesium
face of channel and lipid until they are cleaved by the acetate, and 0.2 mM spermidine) after translation, and the mem-
signal peptidase (Figure 7C). branes were sedimented by centrifugation for 9 min at 75,000 rpm
The behavior of TM domains with charges or hydro- in a table top ultracentrifuge (rotor 100.3; Beckman). They were
philic residues may be particularly important for multi- resuspended in 10 ml membrane buffer, and one half was incubated
with 200 mM BMH for 30 min on ice. The reaction was stopped withspanning or oligomeric membrane proteins. In these
10 mM b-mercaptoethanol (b-ME).cases, several such TM domains may have to assemble
into a structure in which all charges or hydrophilic resi-
Experiments in Detergent Solutiondues are shielded from lipid. Association of these TM
Sec61p complex was purified from dog pancreas as before (Gorlichdomains may occur in the amphipathic environment
and Rapoport, 1993). Ribosome±nascent chain complexes were iso-close to the channel, as suggested by the results of
lated from translation mixtures by sedimentation for 45 min at
Borel and Simon (1996). Alternatively, since a TM domain 100,000 rpm in a table top ultracentrifuge (100.3 rotor). Samples
with a single positive charge can be integrated into the containing 0.2 pmol ribosomes were incubated in a final volume of
lipid bilayer, albeit less stably than a completely hy- 10 ml with or without 2 pmol Sec61p complex or lipids (2 mg/ml).
drophobic one, the assembly may occur in the lipid All samples were adjusted to final concentrations of 50 mM Hepes
(pH 7.6), 150 mM potassium acetate, 8 mM magnesium acetate,phase. The ability of TM domains to move in and out of
and 150 mM sucrose. The lipid mixture was prepared as describedthe channel also suggests a route by which membrane
(Gorlich and Rapoport, 1993).proteins can be removed from the bilayer for destruction
in the cytosol (Kopito, 1997).
Reconstituted Proteoliposomes
Purified SRP receptor and Sec61p complex were reconstituted intoExperimental Procedures
proteoliposomes as described (Gorlich and Rapoport, 1993). One
microliter reconstituted proteoliposomes containing 1 pmol SRPIn Vitro Mutagenesis
receptor and 1 pmol Sec61p complex was incubated for 30 min atThe original protein is encoded by a modified pAlter (Promega)
268C with ribosome±nascent chain complexes containing photore-plasmid containing the 59-untranslated region of the b-globin gene
active probes in the nascent chains. Irradiation was carried out asfollowing the SP6 promoter (Mothes et al., 1997). It differs from
above.leader peptidase in that it lacks amino acids 63±89 (second TM
domain and a mildly hydrophobic region) (von Heijne, 1989; Mothes
et al., 1997). To obtain the construct used in the present work, the Product Analysis
Treatment with proteinase K (0.5 mg/ml) was carried out on ice forN terminus was extended by 14 amino acids by mutagenizing the
59-untranslated region of the b-globin gene. The original start methi- 25 min and terminated with 2 mM phenylmethylsulfonyl fluoride
(PMSF).onine was converted into a glutamine, and a glycosylation site was
introduced. The resulting amino acid sequence at the N terminus For alkali extraction, a translation sample was diluted with 100 ml
of ice cold 0.1 M sodium carbonate/NaOH (pH 12.5), and centrifugedreads: MMNESSTLADSSATQANM (the glycosylation site is under-
lined). at 75,000 rpm in a Beckman 100.3 rotor for 9 min for rough micro-
somes and 15 min for reconstituted proteoliposomes.Stop codons were introduced into the TM sequence at positions
18, 19, 20, 21, 24, 28, and 36 by converting the amino acid codons Phospholipase A2 digestion was carried out as described by Mar-
toglio et al. (1995).into UAG codons. Arginine codons were introduced into the wild-
type TM domain by mutating position 28 or positions 28 and 29. For immunoprecipitation with antibodies against Sec61a, Sec61b,
Sec61g, and TRAM, the samples were denatured for 15 min at 408CCharges were also introduced into the constructs containing the
stop codons. In this case, the charges were at positions 30 or 29 in 2% SDS sample buffer lacking dithiothreitol and diluted with 10
volumes of 1% Triton X-100, 50 mM Tris-HCl (pH 7.5), and 150 mMand 30. All mutants were verified by nucleotide sequencing.
potassium acetate. For Sec61a and TRAM, affinity-purified antibod-
ies covalently coupled to protein A Sepharose beads were used (90Transcription and Translation
Truncated mRNAs were generated by transcription of PCR-ampli- min at 48C). In the case of Sec61b and Sec61g, 1 ml of affinity-
purified antibodies and antiserum, respectively, were used for 2 eqfied portions of the gene, using a primer corresponding to the SP6
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of microsomes, and after 15 min at 48C, the incubation was contin- membrane proteins: importance of N-terminal positively charged
residues flanking the hydrophobic domain. Cell 64, 777±787.ued for 30 min in the presence of 25 ml of protein A Sepharose
beads. Plath, K., Mothes, W., Wilkinson, B.M., Stirling, C.J., and Rapoport,
SDS-PAGE was carried out with 7.5%±17.5% or 10%±20% linear T.A. (1998). Signal sequence recognition in posttranslational protein
acrylamide gradient gels. The samples were prepared for electro- transport across the yeast ER membrane. Cell 94, 795±807.
phoresis by incubation at 658C for 20 min. Rapoport, T.A. (1985). Extensions of the signal hypothesisÐ
sequential insertion model versus amphipathic tunnel hypothesis.
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